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1. INTRODUCTION 
A few interesting features of closed circular 
DNA (ccDNA) caused by its negative superhelicity 
have been revealed during the past decade. 
Among them are the high rate of conversion of 
ccDNA into open circular and linear forms by 
single-strand-specific endonucleases [I] and the 
distinctive early stage in the melting of ccDNA 
]2,3]. The possibility of cruciform structures form- 
ing in palindromic sequences of ccDNA has long 
been anticipated [4]. A quantitative statistical- 
mechanical theory of such structural perturbations 
has been proposed in [5-81. In contrast with the 
early elementary thermodynamic estimation 141, 
the theory [5-81 offered a quantitative prediction 
of the characteristics of DNAs with particular se- 
quences. The theory predicted a transient existence 
of cruciform states at high superhelix densities for 
palindromes containing sufficiently large numbers 
of base pairs [6,8]. 
palindromic region for which the probability of a 
cruciform state should be significant within -u = 
0.05-0.07. This range corresponds to the usual 
physiological values of superhelix density. 
The first experimental studies of cruciform 
structures [9,10] in natural DNAs did not deal with 
the dependence of the cruciform state probability 
on superhelix density. Here, we make an attempt 
to test the theoretical prediction of the sharp 
dependence of the cruciform state probability on 
superhelix density. 
Strong evidence in favour of the existence of 
such cruciform states has been obtained in a study 
of the position of the first cleavage site of ccDNA 
by single-strand-specific endonuclease [9,10]. In 
the case of a very long artificial palindrome ob- 
tained by ‘head-to-head’ splicing of two pBR322 
DNA molecules, the formation of a cruciform state 
was directly visualized by electron microscopy [ 111. 
We use the 1683 basepair-long plasmid pA03, 
which is a quarter of the ColEl plasmid, and con- 
tains the main palindrome of ColEl (26 basepair) 
[ 121. The excellent resolution of all topoisomers of 
pA03 DNA in gel electrophoresis following [ 13- 
15] made it possible to observe a sharp structural 
transition in pA03 ccDNA with an increase in the 
number of superhelix turns. The transition is 
shown to be caused by the formation of a cruci- 
form structure in the main palindrome. The struc- 
tural transition takes place near -CJ = 0.05, which 
agrees very well with the theoretically predicted 
value [8]. 
2. MATERIALS AND METHODS 
The most striking theoretical prediction consists 
in a very sharp dependence of the probability of 
cruciform structures on superhelix density ]6,8]. In 
(81 the dependence of the probability of a cruci- 
form state for 5 different DNAs with known 
sequences was calculated. Each of them has a 
We used the Escherichia coli C600 strain carry- 
ing the pA03 plasmid received from Dr A. Oka. 
pA03 DNA was isolated in our laboratory by Dr 
L.B. Neumyvakin using equilibrium centrifugation 
in CsCl with ethidium bromide gradient purified 
as in [16]. The extract from mouse ascites tumors 
containing topoisomerase I was prepared by Dr 
E.S. Bogdanova. A lyophilized Sl endonuclease 
Published bv Elsevier Biomedical Press 
00145793/82/0000-0000/$2.75 d 1982 Federation of European Biochemical Societies 297 
Volume 148, number 2 FEBSLETTERS November 1982 
from Boehringer (Mannheim) was dissolved in a 
buffer containing 50 mM Tris, 50 mM NaCl, 
1w4 M ZnS04, 50% glycerol (pH 7). The DNA 
was treated with the Sl endonuclease in 40 mM 
sodium acetate, 50 mM NaCl, 1 mM ZnS04, 
pH 4.6 at room temperature. 
2.1. Electrophoresis 
A composite acrylamide-agarose gel was pre- 
pared as in [ 171 in 36 mM Tris, 30 mM NaH2P04, 
1 mM EDTA (pH 7.7). Electrophoresis was per- 
formed in vertical 2.5 mm thick slabs at 2.5 V/cm 
field intensity. Electrophoresis iu 4% acrylamide 
gel was performed at the same field intensity; the 
slab was 1 mm thick; the buffer was 40 mM Tris, 
5 mM sodium acetate, 1 mM EDTA (pH 8). Gels 
were stained in a 1 pg/ml solution of ethidium 
bromide for 1 h and photographed through a red 
filter. 
2.2. Preparation of DNA samples with dijferent 
superhelix densities 
pA03 DNA was treated with topoisomerase I at 
different [ethidium bromide]. The reaction was 
performed in 20 mM Tris, 200 mM NaCl, 1 mM 
EDTA (pH 7.5); at 30°C for 12 h, DNA was 
30 pg/ml. Ethidium bromide (Sigma, St Louis) was 
taken at 0, 0.8, 1.6, 2.4, 3.2 pg/ml. After the reac- 
tion, the samples were treated with phenol and 
passed through a column with Sephadex G-50 
tine. 
3. RESULTS 
3.1. Dependence of electrophoretic mobility on 
superhelix density 
Fig.1 shows how native pA03 DNA is resolved 
into topoisomers by gel electrophoresis. The 10 
distinct bands correspond to 10 topoisomers; the 
extreme right band corresponds to the position of 
open circular DNA. Band 10 is much less intense 
than the bands 9 and 8, and there are no bands to 
the left of band 10. We tried to obtain bands next 
to band 10 by increasing the superhelix density of 
DNA as in section 2. Fig.2 shows the results. [Eth- 
idium bromide] increases from a-d in the course 
of topoisomerase I treatment. The mean superhelix 
density of sample c roughly corresponds to the na- 
tive value (sample f). Samples d and g have higher 
superhelix densities. Nevertheless, we failed to ob- 
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Fig.l. Electrophoretic separation of topoisomers of na- 
tive pA03 DNA in an acrylamide-agarose gel (PAAG). 
The densitogram of the gel is shown. The molecules 
moved from right to left. 
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Fig.2. Electrophoresis in 2% PAAG and 0.5% agarose 
gel: (a) pAO3 DNA treated with topoisomerase without 
any ethidium bromide (EtBr); (b) pA03 DNA treated 
with topoisomerase in the presence of 0.8 pg EtBr/ml; 
(c) 1.6 pg EtBr/ml; (d) 2.4 pg EtBr/ml; (e) native pA03 
DNA treated with the Sl endonuclease; (f) native pA03 
DNA; (g) 3.2 pg EtBr/ml; (h) pA03 DNA prepared in 
the presence of 3.2 PLg EtBr/ml (see g then treated with 
the S 1 endonuclease; OC, open circular DNA; 
L, linear DNA. 
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served any bands further than band 10 of native 
DNA. The sample in fig.2g exhibits a diffuse zone 
situated above band 10. We conclude that the 
mobility of pA03 DNA increases with superhelix 
density but only up to some limiting value. As 
superhelix density increases further, the mobility 
of pA03 DNA decreases. 
3.2. The rate of digestion ofpAO3 DNA by SI endo- 
nuclease at different degrees of superhelicity 
We compared the rate of digestion by single- 
strand-specific endonuclease Sl of native pA03 
A B C D 
Fig.3. Electrophoresis in 4% PAAG: (a) T7 DNA di- 
gested with the BspI restriction endonuclease; (b) pA03 
DNA prepared in the presence of 3.2 pg EtBr/ml, then 
treated with the Sl endonuclease and finally with the 
MspI restriction endonuclease; (c) pA03 DNA prepared 
in the presence of 2.4 pg EtBr/ml then treated with the 
Sl endonuclease and finally with the MspI restriction 
endonuclease; (d) pA03 DNA digested with the MspI 
restriction endonuclease; - position of fragments which 
appeared after S 1 digestion. 
DNA and of a sample with a higher superhelix 
density obtained by topoisomerase I treatment 
with 3.2 PLg ethidium bromide/ml. DNA was treat- 
ed by endonuclease Sl at 25°C for 30 min. Fig.2h 
shows that this treatment leads to the disappear- 
ence of the diffuse zone corresponding to mole- 
cules with a very high superhelix density. The in- 
tensity of the band corresponding to open circular 
DNA increases and a linear DNA band appears. 
The intensities of the native DNA bands change 
only slightly under the same treatment (fig.2e). We 
conclude that DNA molecules with superhelix 
densities above the limiting value are abnormally 
sensitive to the single-strand-specific endonucle- 
ase. 
3.3. Localization of the SI endonuclease cleavage 
site in pAO3 DNA with a high superhelix 
density 
To localize the Sl endonuclease cleavage site we 
used restriction endonuclease MspI to cleave a 
pA03 DNA sample prepared by the action of to- 
poisomerase I in the presence of 3.2 pg ethidium 
bromide/ml and partly converted into the linear 
form by the Sl endonuclease (lig.2h). Fig.3b shows 
the result of electrophoretic separation of the large 
restriction fragments obtained after the treatment. 
Restriction fragments of T7 DNA obtained by the 
action of the BspI enzyme were used as length 
markers (tig.3a). The lengths of these fragments 
were taken from [ 181. Fig.3d shows the electropho- 
retie pattern of MspI restriction fragments of na- 
tive pA03 DNA for comparison. Using 8% poly- 
acrylamide gel we also detected small fragments in 
the said samples (tig.4). 
These results suggest that treatment of highly su- 
perhelical pA03 DNA with the Sl endonuclease 
gives rise to two fragments about 600 and 180 
basepairs long. We conclude that the site of the 
attack of the Sl endonuclease in inside the largest, 
768 basepair-long, Msp-fragment of pA03 DNA 
(see tig.3). The large fragment obtained from the 
Sl-digested sample by EcoRI cleavage is about 
100 basepairs shorter than the whole pA03 DNA 
(not shown). 
Hence, the above data lead to an unambiguous 
localization of the Sl endonuclease cleavage site in 
highly superhelical pA03 DNA. It is about 100 
basepairs apart from the EcoRI cleavage site inside 
the largest of the Msp-fragments and its position 
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Fig.4. Electrophoresis in 8% PAAG: (a) BspI digestion 
fragments of T7 DNA; (b) pA03 DNA treated with to- 
poisomerase I in the presence of 3.2 pg EtBr/ml, di- 
gested first with the Sl endonuclease, and then with the 
MspI restriction enzyme; (c) pA03 DNA prepared in the 
presence of 2.4 p.g EtBr/ml then treated with the Sl en- 
donuclease and finally with the MspI restriction endo- 
nuclease; (d) MspI digestion fragments of pA03 DNA; 
(4) position of fragments appearing after S 1 digestion. 
EcoRI 
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Fig.5. The physical map of pA03 DNA. The recognition 
sites for the MspI restriction endonuclease and the site 
for the EcoRI restriction endonuclease are shown; so is 
the position of the main palindrome. Some distances 
(basepairs) are shown. 
coincides to within a few basepairs with the center 
of the longest palindrome of pA03 DNA (see 
fig.5). 
4. DISCUSSION 
Our results show (see fig.2) that the mobility of 
the first 9 topoisomers of pA03 DNA increases 
monotonically with superhelix density. Starting 
from the tenth topoisomer the mobility decreases. 
So within a rather narrow superhelix density range 
a structural transition takes place. The transition is 
accompanied by a sharp increase in DNA suscep- 
tibility to the single-strand-specific endonuclease. 
The site of the first cleavage is situated near the 
center of the main palindrome of pA03 DNA. So 
we may assume that the observed structural transi- 
tion consists in the formation of a cruciform struc- 
ture within the main palindrome of pA03 DNA. 
Fig.2f makes it possible to estimate the super- 
helix density value which corresponds to the tran- 
sition. Band 10 corresponds to the topoisomer con- 
taining 9 superhelical turns. If one assumes that all 
topoisomers were resolved in the gel, then the crit- 
ical superhelix density would be: 
-0, = 10, r/N = 0.054. 
Our assessment agrees very well with the theor- 
etical prediction [8], which says that the probability 
of the cruciform state of the main palindrome in 
pA03 DNA becomes significant beginning from: 
-0 = 0.05. 
The lower electrophoretic mobility of the DNA 
molecule containing a cruciform structure may be 
due to: 
(i) The formation of the cruciform structure lead- 
ing to an appreciable relaxation of tension in 
the ccDNA, decreasing its mobility; 
(ii) The cruciform structure by itself may decrease 
the DNA mobility just as with partially melted 
DNA (19,201. 
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NOTE ADDED 
After our manuscript had been accepted for 
publication in this journal we received the June 
1982 issue of Journal of Biological Chemistry with 
the article by Ch.K. Singleton and R.D. Wells (vol. 
257, pp. 6292-6295) devoted to the study of the 
relationship between the superhelical density and 
cruciform formation in another plasmid 
(%VH5 1). These authors also discovered though by 
a somewhat different technique the dependence of 
cruciform formation on the superhelical density. 
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